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Introduction
One of the challenging subjects for global ambitions because of the sustainability, is the sustainable agriculture [1] . Three important aspects are at the center of attention including: energy utilization, environmental impact and costefficiency. Growth in population needs higher production yield. The higher production demand leads to increase in energy consumption and final cost [2] . Although energy using in agricultural industry is small as compared to the total energy demand in many countries, it is fairly considerable in some countries like Netherlands where it represents 8.1% of total energy use [3] . For increasing in yield and controlled growth in all climates, greenhouses are used. In the horticultural industry, the greenhouse is one of the most profitable sectors since it has a very high output which is 10-20 times higher than the outdoor farming. However, the high cultivation output requires a considerable capital investment cost, labor, fertilizers and energy input, primarily for heating and lighting. When considering the continuing increase in cost of energy, especially for fossil fuels, the external energy demand must be reduced to cut down the total annual operating cost. So, a good understanding of the energy utilization in the commercial greenhouse sector is essential [4, 5] . A greenhouse is a structure which is covered by a transparent device such as glass in order to use solar energy while controlling the temperature, humidity and other parameters according to the requirements for cultivation or protection of the particular plants. The commercial greenhouses are used to grow plants in order to reach better quality and protect them against natural environmental effects such as wind or rain [2] . Another benefit of using a greenhouse is giving the ability for out of season growing. The operation of greenhouses makes use of the greenhouse effect. Then, the short wavelengths of solar irradiation, the visible light, can pass through a transparent medium and is absorbed by the objects on the other side. The heated objects will re-radiate longer wavelengths, infrared radiation, that cannot pass through the transparent medium. The temperature will increase because of the accumulation of heat in this process [6] .
The management of the greenhouse environment is mainly depending on the temperature manipulation. Temperature manipulation is critical for influencing plant growth, quality and morphology and also is a major strategy in environmental modification of crops. The greenhouse environment is a very complex dynamic system covered with thin and transparent materials. Many modeling methods have been applied to control the environment of greenhouse; such as mechanism, transfer function and black-box modeling. The mechanism model provides a clear physical explanation of the greenhouse environment, such as the early static and dynamic model presented by Bot [7] or improved models presented by Van Henten [8] and De Zwart [9] Static and dynamic models are used for this purpose as a function of the metrological conditions and the parameters of the greenhouse components [10, 11] . The static models are based on the static energy balance of the greenhouse components; i.e. cover, inside air, plant, and soil under steady state conditions. The heat storage capacities of these components are neglected in the static models [12] [13] [14] [15] [16] . Joudi and Farhan [17] , presented a dynamic model to predict the inside air and soil temperature in an innovative greenhouse in Iraq. The input parameters of this model collected from measured meteorological conditions and the thermo-physical properties of the greenhouse components which include the cover, inside air, and soil. Comparisons between the predicted and measured results showed a good agreement. The absolute error in this dynamic model was lower that 10% for inside air and soil temperature. Du et al. [18] , applied the simulation way to predict the inside air and soil in a greenhouse with heat pipe system. The model validated with experimental data and found to be in close agreement. The absolute error between predicted and desired data was about ±20%. Ç akır and S ßahin [19] , developed a mathematical model to select the optimum type of greenhouse according to sizing, position and location. The results showed that greenhouses were usable and suitable for using in cold climate regions to increase the productivity. In addition, the elliptic type was the optimum one in all analyzed types of greenhouses for Bayburt conditions (Turkey) for all floor areas. It was followed by uneven-span, even-span, semi-circular and vinery type of greenhouses respectively. Tong et al. [20] , studied the boundary conditions were based on hourly measured data for the solar insolation and the sky, soil (1 m below the soil surface) and outside air temperatures, plus other parameters describing the external convection and radiation in a greenhouse. Results showed that the simulated air and soil temperatures had the same profile as the measured temperatures with the average temperature differences between the simulated and measured air temperatures during the nighttime less than 1°C on the clear days and no more than 1.5°C during the entire cloudy day. Taki et al. [21] , compared some mathematical models (include dynamic and Multiple Linear Regression (MLR)) with innovative method (Artificial Neural Network) and selected the best one to predict inside air and roof (T a and T ri ) temperature and energy transfer in a semi-solar greenhouse in Iran. Comparing MLP and dynamic ) for T a and T ri in ANN implementation. In another study, Taki et al. [22] , applied inside thermal screen to decrease the energy consumption in an innovative greenhouse structure at the North-West of Iran. The results showed that dynamic model can predict the inside temperatures in four different points (T a , T c , T ri , T s ) with MAPE, RMSE and EF about 5-7%, 1-2°C and 80-91% for greenhouse without thermal screen and about 3-7%, 0.6-1.8°C and 89-96% for six different points of greenhouse with thermal screen (T a , T c , T ri , T s , T as , T sc ), respectively.
Based on the comprehensive literature review, the aim of this study was modeling the heat transfer in an innovative greenhouse structure and predict the inside air and soil temperature. For this purpose, dynamic models were used and the results of modeling, validated in a semi-solar greenhouse.
2.
Materials and methods
Semi-solar greenhouse and its location
In this study, a semi-solar greenhouse was designed and constructed at the North-West of Iran in Azerbaijan Province. In solar greenhouses design, engineers try to have the maximum solar radiation and decrease the heat lost. A warm and a cold water aquifer layer are used to store and retrieve the surplus solar energy. At times of heat demand, the greenhouse can be heated with little energy input with a heat pump and warm aquifer water. At times of heat surplus, the greenhouse can be cooled with a heat exchanger and cold aquifer water, while energy is harvested for use at times of heat demand [23] .
The solar greenhouse has some changes compared to a conventional greenhouse such as: improved insulation value and improved light transmission cover, ventilation with heat recovery, aquifer (an aquifer is a formation of water-bearing sand material in the soil that can contain and transmit water), heat extraction, heat pump, boiler, carbon dioxide supply and gas motor or electric drive [24] . In this research we started a new project in department of bio-system engineering, University of Tabriz. Shape and orientation of the greenhouse, has been selected between some common greenhouse shapes ( Fig. 1 ) and according to receive maximum solar radiation. For this purpose, meteorological data recorded by Iran Meteorological Office for the period of 1992-2013, was used and after some analysis, the greenhouse structure was selected. Also internal thermal screen (cloth type) and cement north wall was used to store and prevent of heat lost during the cold period of year. So we called this structure, 'semi-solar' greenhouse. It is covered with glass (4 mm thickness . The orientation of this greenhouse is East-West and perpendicular to the direction of the wind prevailing.
Dynamic model
In order to simulate the inside air and roof temperatures, the system is divided into three elements. Namely, the soil surface, inside air and roof cover. The present model consists of three first-order differential equations which were derived from energy balances for these elements. In this dynamic model, the following assumptions were made for the heat exchange between greenhouse components without crops [21] :
The greenhouse elements are considered as lumped systems.
The air, crop, cover and top soil temperatures are uniform. No evaporation occurs from the soil. Radiation energy was neither absorbed nor emitted by the inside air.
Water that condensate on the indoor side of the roof and on the screen is directly removed and therefore not available for evaporation.
The windows in all test period were closed and the greenhouse had not any ventilation. The effects of CO 2 concentration on evapotranspiration were neglected. There is not any crops in the greenhouse and so there is not evaporation.
The first equation is the energy balance derived for the inside air which can be written as [21] :
The second equation is the energy balance equation derived for the bare top soil of greenhouse and can be written as [24] :
The energy transferred between greenhouse elements by convection and conduction is expressed as [9] :
Empirical relations reported in the literature to estimate the heat transfer coefficients between the different surfaces in a greenhouse are as follows [23] :
Infiltration through the greenhouse can be written [25] :
The solar radiation absorbed directly by soil surface (Q rdÀs ) in Eq. (2) is given as [25] :
The net solar radiation heat exchange between soil and roof (Q sÀri ) can be calculated [24] :
MATLAB software used to solve the mathematical equations. The entire set of equations was solved at each oneminute time step using appropriate values of input parameters at the specific time step. When the solution converged, the computed data were taken as initial values for the next time step. The first values of T a andT s were measured. The input data for solution are given in Table 1 . Simulation was done between 9:00 and 18:00 pm on 30/06/2015 in a semisolar greenhouse located in University of Tabriz, department of biosystem engineering.
SHT11 sensor and TES1333 pyranometer and its location
To measure the temperature and the relative humidity of the air, soil and roof inside and outside the greenhouse, the SHT 11 sensors were used. The SHT11 is a single chip relative humidity and temperature multi sensor module comprising a calibrated digital output. Application of industrial CMOS processes with patented micro-machining ensures highest reliability and excellent long term stability [21] . The device includes a capacitive polymer sensing element for relative humidity and a band-gap temperature sensor. Both are seamlessly coupled to a 14bit analog to digital converter and a serial interface circuit on the same chip. This results in superior signal quality, a fast response time and insensitivity to external disturbances (EMC) at a very competitive price (Fig. 2) . The accuracy of the measurement of temperature is ±0.4% at 20°C and the precision measurement of the moisture is ±3% for a clear sky [22] . We used these sensors in soil, on the roof (inside greenhouse) and in the air of greenhouse and outside to measure temperature and relative humidity.
On the greenhouse roof, a pyranometre type TES 1333 was used. Its sensitivity is proportional to the cosine of the incidence angle of the radiation. It is a measure of global radiation of the spectral band solar in the 400-1110 nm. Its measurement accuracy is approximately ±5%. Fig. 3 shows the place of SHT11 sensors and TES1333 pyranometre to collect the data in the semi-solar greenhouse.
2.4.
Statistical function and efficiency model (EF) are selected to evaluate the forecast accuracy of the models in this study [26] :
where, n is number of data, dv is the desired value and pv is the predicted value. The best model is achieved when the RMSE and MAPE are minimized and EF is maximized. The linear regression line between dv and pv was also used to assess the models. From this perspective, the best model is the one that has the linear regression line with slope close to one, intercept close to zero and coefficient of determination close to 1 (pv = 1.00 dv + 0.00, R 2 = 0.99). The statistical comparison of the difference between the mean, variance and statistical distribution of the desired and predicted values were performed in order to further evaluate the models. From statistical point of view, the null hypothesis assumes that there is no difference between the desired and predicted data set, whereas the alternative hypothesis assumes that there is a difference between them. The best model is achieved when the difference between desired and predicted data set was not significant at 5% level (p-value > .05). The paired t-test, Ftest and Kolmogorov-Smirnov test were used to evaluate the differences in the mean, variance and distribution, respectively.
Results and discussion

3.1.
Greenhouse temperature in some points and outside air temperature Fig. 4 shows the variation of the measured values for the semi-solar greenhouse temperatures inside and also outside air temperature for a typical sunny day on 10/06/2015 in Tabriz city. As it can be seen, the inside air temperature is very high, because of receive the most solar radiation whole the day (the mean of inside air temperature was about 60°C). So we should set the suitable heat receive system in summer and remove and store the extra energy for autumn and winter. The mean of outside air temperature was about 33°C. The difference between inside and outside air temperature can shows that this structure can remove the most need of crop to fossil fuels on autumn and winter days. The mean of soil and cover temperature was about 72 and 56°C. We can conclude that the mean of inside air, soil and cover in sunny days in summer is very high and we should use this energy for winter and especially for cold nights. Also we can see that this structure is not suitable for crops on summer days and it needs to have the cooling system or we can change the application of this greenhouse to a dryer in summers. Du et al. [18] applied the simulation model to predict the inside air and soil temperature in a greenhouse with heat pipe system. The model validated with experimental data and found to be in close agreement. The absolute error between predicted and desired data was about ±20%. They conclude that the simulation could provide estimations of the influence of the maximum height, the heating power required in cold weather and the heat losses from the greenhouse.
Simulation the inside environment variables
After record the experimental temperatures, solar radiation and wind speed, we used Eqs. (1)- (10) and Table 1 (applied initial values) to estimate T a and T s . The air temperature was considered as the average temperature of two points in center of greenhouse. Also soil temperature was recorded as the average temperature of two points on the center of greenhouse. The comparison between simulated and experimental values of average air and roof temperatures are shown in Fig. 5 . It can be seen that the agreement of the model with [17] , developed a dynamic model to predict the inside air and soil temperature in a greenhouse in Iraq. The input parameters of this model collected from measured meteorological conditions and the thermo-physical properties of the greenhouse components were included the cover, Tables 2 and 3 show the statistical performances of dynamic model to predict inside environment variables in semi-solar greenhouse. As Tables 2 and 3 show, the dynamic method can predict the inside air and soil temperature with 10.2 and 7.7% error.
Gupta and Chandra [28] , developed a mathematical model to study the effect of various energy conservation measures to arrive at a set of design features for an energy efficient greenhouse in Indian. The model was used to study the effects of different shapes, orientation and various energy conservation measures viz., north wall insulation, double wall glazing and night curtains, on the heating requirements of a 12 m Â 200 m greenhouse situated in Delhi under the environmental conditions of a cold sunny day. Results showed that:
1. A Gothic arch shaped greenhouse required 2.6% and 4.2% less heating as compared to Gable and Quonset shapes, respectively. 2. An east-west oriented Gothic arch greenhouse required 2% less heating as compared to a greenhouse of the same size oriented north-south.
3. North wall insulation of a Gothic arch greenhouse could reduce the structure's heating requirements in east-west orientation by 30% as compared to about 5% in northsouth orientation. 4. The use of night curtain with high thermal reflectivity below the greenhouse cover reduced the night time heating requirements by 70.8%. The daily heating requirement was reduced by 60.6%. 5. The effect of replacing the single cover on the southern side with air inflated double wall Glazing was a reduction in the heating requirement of the gothic greenhouse by 23%.
Bargach et al. [29] , presented an experimental investigation of two different types of solar systems used for heating agricultural greenhouses. The first system employed solar flat plate collectors, installed outside a polyethylene covered greenhouse. The second system, based on the selective absorption of solar energy by a heat transfer fluid (blue of methylene), employed polyethylene alveolar transparent plan collectors, installed inside a glass covered greenhouse. Experiments on both systems were simultaneously conducted, over several days. A comparative study of the performance of both systems was carried on the experimental results achieved in the plastic greenhouse heated by the first system, and on the simulated results obtained for the same greenhouse, but heated by the second system. In another research, a realscale 2-D computer simulation model was developed with the finite-volume based commercial software, FluentÒ, to simulate and analyze the temperature distributions caused only by thermal discharges from the north wall in Chinas Solar Greenhouse (CSG), governed by two computational domains, three conservation laws, and also five boundary conditions with k-e turbulence model [30] . A closed and empty CSG located in northwest of China was used to determine the thermal distribution and validate the simulation model during the night period on January 26th, 2013. Simulated and experimental results showed similar temperature distributions in CSG. The maximum and average absolute air temperature differences and mean squared deviation (MSD) were respectively 1.1, 0.8 and 0.1 K comparing measurement and simulation of inside air temperature and 0.7, 0.2 and 0.7 K for interior wall surface temperature. The simulation results demonstrated that temperature stratification and nonuniformity were more obvious when the north wall was thinner, suggesting a desirable thickness of north wall for energy conservation. The expanded polystyrene boards (EPS) played a more important role in preventing heat loss compared with perforated bricks (PB) in CSG. When the material cost was taken into consideration, a comprehensive evaluation model based on weighted entropy and fuzzy optimization methods was employed to achieve the best north wall thickness (480 mm PB with 100 or 150 mm EPS) in CSG The researchers applied the dynamic models and usually faced with more than 10% MAPE. Also the physical greenhouse environment models have a high degree of complexity with lots of parameters that have to be determined by measurements or other sub-models. In contrast to physical models, black box models do not suffer from the need to 
determine every parameters value. These models can be used to estimate the inside environment changes and they can be very helpful for climate control purpose. So because of nonlinear system in greenhouse, time-invariant, and strong coupling, present applications of artificial neural network (ANN) model for the simulation and prediction of greenhouse inside climate can be very useful and applicable. Taki et al. [21] , applied a multilayer perceptron (MLP) Neural Network model to predict inside temperature in a greenhouse in Iran. The results showed that the MLP model can predict the inside environment in the greenhouse with lower MAPE than dynamic model. Some researchers reported similar results. Dariouchy et al. [31] , proposed MLP and MLR models to predict the inside air humidity and temperature in a tomato greenhouse in semi-arid area in Morocco. Model database was collected starting from the greenhouse climatic data. The external moisture (M ext ), the total radiation (R t ), the wind direction (D w ), wind velocity (V w ) and the external temperature (T ext ) are retained like relevant entries of the timeseries model. The results showed that the correlation between actual and predicted value by MLR model are 0.970 and 0.978 for inside air temperature and humidity respectively. The final results showed that the MLP model had a higher accuracy. He and Ma [32] , proposed a back propagation neural network (BPNN) based on principal component analysis (PCA) for modeling the internal greenhouse humidity in winter of North China. They collected the environmental factors influencing the inside humidity include outside air temperature and humidity, wind speed, solar radiation, inside air temperature, open angle of top and side vent and open ration of sunshade curtain. Through PCA of these data samples, 4 main factors were extracted, and the relationship between the main factors and the original data was discussed. Results showed that this method can predict inside variables in the greenhouse with high accuracy. Furthermore, this method can use to predict other changes in greenhouse such as final 
Conclusion
This paper presents a dynamic model and experimental validation to estimate the inside environment variables in a semi-solar greenhouse in East Azerbaijan province, Iran. For this propose, a semi-solar greenhouse was designed and constructed at the North-West of Iran in Azerbaijan Province (geographical location of 38°10 0 N and 46°18 0 E with elevation of 1364 m above the sea level). The environment factors influencing T a (inside air temperature) and (T s ) (inside soil temperature) include outside air temperature, wind speed and solar radiation on the roof which were all collected as data samples. The dynamic model with initial values used to predict the inside air and soil temperature. According to the results, the relationship between the results of dynamic model with experimental data according to RMSE, MAPE and EF showed that, the dynamic method can estimate the inside air and soil temperature with 5.3°C, 10.2%, 0.78% and 3.45°C, 7.7%, 0.86%, respectively. Using the same methodology can develop models to predict fuel consumption, CO 2 emission and other agricultural production (yield) in the greenhouses. It is possible to use the same try to collect some suitable data related to above subject and investigate on these aspects. Modeling fuel consumption, CO 2 emission, yield and energy consumption based on social and technical parameters would open new doors to advances in agriculture and modeling.
